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Infectious bursal disease viruses (IBDVs), belonging to the Birnaviridae family, cause severe immunodeficiency in young chickens by
destroying the precursors of antibody-producing B cells in the bursa of Fabricius (BF). Different pathotypes of IBDVs, including cell culture-
adapted viruses, differ markedly in virulence, which is characterized by mortality and bursal damage. To study the molecular determinants of
virulence in IBDV, the genomic segments A and B of GLS bursa-derived (GLSBD) and tissue culture-adapted (GLSTC) viruses were cloned
and sequenced. Comparison of the deduced amino acid sequences of segments A and B revealed only two amino acid substitutions at
positions 87 (QY R) and 261 (PY L) in segment B, and at positions 253 (QY H) and 284 (AYT) in segment A; the latter of which has
been shown to be involved in tissue culture adaptation and attenuation of the virus. To study the function of VP1 protein encoded by segment
B, reassortant viruses between tissue culture-adapted strains, GLSTC and D78, and GLSBD were recovered using the reverse genetics
system. The recombinant virus rGLSBDB containing segment B of GLSBD was able to replicate in Vero and chicken embryo fibroblast
(CEF) cells but exhibited delayed replication kinetics. To evaluate the characteristics of these viruses in vivo, 3-week-old chickens were given
equal doses of parental viruses or reassortant viruses by ocular inoculation. The pathological lesions and viral antigen distribution in BF were
analyzed at 1, 2, or 3 days postinfection. Parental GLSBD and the recovered rGLSBDB viruses propagate most efficiently in the BF and
cause severe bursal lesions, whereas the tissue culture-adapted GLSTC virus replicates less efficiently and induces mild bursal lesions at 3
days postinfection. Taken together, our results demonstrate that the VP1 protein of IBDV is involved in the efficiency of viral replication and
modulates the virulence in vivo.
D 2004 Elsevier Inc. All rights reserved.
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Infectious bursal disease virus (IBDV) is a member of
the family Birnaviridae and belongs to the genus Avibirna-
virus (van Regenmortel et al., 2000). Its genome consists of
two double-stranded RNA segments, which are packaged in
nonenveloped icosahedral shell of 60 nm in diameter
(Dobos et al., 1979). Segment A is 3261 nucleotides long
and encodes a 110-kDa precursor protein in a single large0042-6822/$ - see front matter D 2004 Elsevier Inc. All rights reserved.
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E-mail address: vakharia@umbi.umd.edu (V.N. Vakharia).open reading frame (ORF), which is cleaved by autopro-
teolysis to produce mature VP2, VP3, and VP4 proteins
(Azad et al., 1985; Hudson et al., 1986). VP2 and VP3 are
the major structural proteins of virion, whereas VP4 is a
virus-encoded protease involved in the processing of the
precursor protein (Birghan et al., 2000; Sanchez and
Rodriguez, 1999). VP2 is the major host-protective immu-
nogen of IBDV and carries all the neutralizing epitopes, of
which some are responsible for antigenic variation (Brown
et al., 1994; Fahey et al., 1989). Cryoelectron microscopy
and image processing analysis showed that the capsid is
only a single shell, and VP2 builds up the external of the
capsid in the trimeric subunits, and VP3 is present in the
inner surface of the capsids and forms a complex with VP1004) 62–73
M. Liu, V.N. Vakharia / Virology 330 (2004) 62–73 63(Bo¨ttcher et al., 1997; Lombardo et al., 1999). Segment A
also encodes a 17-kDa nonstructural (NS) protein from a
small ORF, which precedes and partly overlaps the large
ORF. This NS protein is present only in IBDV-infected
cells, and it is not required for viral replication (Mundt et al.,
1995, 1997) but plays an important role in pathogenesis
(Yao et al., 1998). Segment B, which is 2827 nucleotides
long, encodes a 97-kDa protein VP1. This multifunctional
protein has RNA-dependent RNA polymerase activity and
is responsible for the replication of genome and the
synthesis of mRNA (Spies et al., 1987). This protein is
covalently linked to the 5V ends of the genomic RNA
segments (Spies and Mu¨ller, 1990).
IBDV causes a highly contagious disease in chickens
known as Gumboro disease. There are two distinct
serotypes. Serotype I viruses are pathogenic to chickens,
causing immunosuppression as well as an acute fatal disease
of young chickens. These viruses have restricted cell and
tissue tropism, selectively infect immature B cells of bursa
of Fabricius (BF) leading to B cell depletion, and
subsequently, immunosuppression (Kibenge et al., 1988;
Mu¨ller et al., 2003). Serotype II viruses are avirulent for
chickens (McFerran et al., 1980). Serotype I viruses can be
further categorized into different pathotypes. Classical
virulent strains isolated from the United States in the early
1960s, such as the Edgar, 2512, and Irwin Moulthrop (IM)Fig. 1. Schematic presentation of IBDV-cDNA constructs of segments A and B fr
generate plus-sense RNA transcripts using T7 RNA polymerase. A map of IBDV
shaded boxes represent the coding regions of GLS strains, whereas the open boxe
differ between GLSBD and GLSTC strains are marked by bEQ. Selected restricti
shown: B, BglII; Bs, BstEII; S, SpeI; Sc, SacII. All of the constructs contain a Tstrains, induce hemorrhagic inflammation and B cell
depletion of bursa, causing 30–60% mortality in light-breed
chickens. In the late 1980s, antigenic variant strains, such as
Delaware and GLS, were isolated from vaccinated farms.
These viruses do not cause mortality and induce rapid bursal
atrophy without triggering inflammation (Snyder et al.,
1988, 1992). In the mid-1990s, very virulent strains of
IBDV emerged in several European and Asian countries.
These viruses cause more than 70% mortality and produce
lesions in other immune organs, such as bone marrow and
thymus, besides BF (Brown et al., 1994; van den Berg et al.,
1991).
Extensive passage of wild-type IBDV often leads to cell
culture adaptation, and cell culture-adapted IBDVs are
attenuated (Yamaguchi et al., 1996; Zierenberg et al.,
2000). The specific amino acids that are involved in cell
culture adaptation, virulence, and cell tropism of IBDV have
been mapped in VP2 by using reverse genetics approach
(Boot et al., 2000; Brandt et al., 2001; Mundt, 1999; van
Loon et al., 2002). Although most of the studies are carried
out on proteins encoded by segment A, the possible role of
VP1 protein (encoded by segment B) in virulence and
pathogenicity has not yet been determined.
In this study, we constructed full-length cDNA clones of
segments A and B of both bursa-derived and tissue culture-
adapted IBDV strain GLS. Using the cRNA-based reverse-om GLSBD and GLSTC strains, and segment B from D78 virus in order to
genome segments A and B with its coding capacity is shown at the top. The
s depict the coding region of the D78 strain. The amino acid residues that
on sites, important for the construction of cDNA clones of segment A, are
7 polymerase promoter sequence at the 5V-end.
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including the one containing VP1 gene of the vaccine strain
D78. In this report, we investigate the replication kinetics of
the parental and reassortant viruses in vitro and in vivo and
evaluate the function of VP1 protein in virulence. Our
results show that the bursal-derived VP1 protein has a
negative effect on replication in cell culture and a positive
effect on replication and damage in the bursa relative to the
tissue culture-adapted VP1.Results
Sequence analysis of segments A and B of variant IBDV
strain, GLS
To examine the molecular differences of genome seg-
ments A and B of both GLS bursa-derived (GLSBD) and
tissue culture-adapted (GLSTC) viruses, dsRNA was
extracted from purified bursa-infected GLSBD and pla-
que-purified-GLSTC viruses. Reverse transcription (RT)-
PCR was performed and the products were directly
sequenced, as well as cloned, and the DNA from three
independent cDNA clones were sequenced and analyzed.
Segments A and B are 3261 and 2827 bp long, respectively,
which are identical to the sizes of the segments of strain
D78. Comparison of the nucleotide and deduced amino acid
sequences of segments A and B of GLSBD virus with those
of GLSTC strain exhibited four and six nucleotide changes,
respectively, resulting in only two amino acid substitutions
at positions 253 (Q Y H) and 284 (A Y T) in segment A
and two residue changes at positions 87 (Q Y R) and 261Fig. 2. Immunofluorescence staining of cells infected or transfected with IBDV. CE
transfected with RNA transcripts derived from pUC19GLSBD and pUC19GLSBD
postinfection or transfection, the cells were fixed and analyzed by immunofluoresc
were repeated three times (magnifications are 400).(PY L) in segment B, respectively (Fig. 1). A phylogenetic
analysis based on the deduced amino acid sequences of
segment B of available IBDV strains revealed that variant
strains GLSBD and GLSTC group with all the classical and
vaccine strains, whereas, the emerging very virulent strains
formed a distinct group (data not shown). The substitution
of residues at positions 87 and 261 in GLSTC-VP1 was
unique, and no correlation could be made with other cell
culture-adapted viruses, such as D78, which further differed
from GLSTC-VP1 at positions 13 (K Y T), 148 (P Y L),
546 (PY L), 759 (RY K), and lacked the last residue Q at
position 879.
Growth of GLSBD virus in chicken embryo fibroblast (CEF)
cells after lipofectin-mediated transfection
Since the bursal-derived variant strain GLSBD cannot be
propagated in cell culture, we wish to determine if the block
is at the entry step or the replication step. Therefore, we
transfected CEF cells with combined plus-sense transcripts
derived from plasmid pairs pUC19GLSBD and
pUC19GLSBDB, as well as purified GLSBD virus particles
by use of Lipofectin to bypass the cell membrane
penetration stage (Bass et al., 1992; Mundt, 1999). At 14
h post-transfection, cells were fixed and stained for
immunofluorescence (IF) using anti-IBDV polyclonal anti-
bodies. Our results show that the GLSBD virus can replicate
in cell culture, as evidenced by a green fluorescence signal,
when RNA transcripts or whole virus particles were
delivered to the cytoplasm (Figs. 2C and 2D). The
percentage of IF-positive cells in the RNA or GLSBD-
transfected group was 0.4 and 0.2, respectively. No IF-F cells were either infected with GLSBD strain (A) or GLSTC strain (B) or
B clones (C) or transfected with intact GLSBD viral particles (D). At 14 h
ence staining with rabbit anti-IBDV polyclonal antibodies. The experiments
Fig. 3. Growth curves of GLSTC, rGLSA, rGLSBDB, and D78 IBDVs.
The indicated viruses were inoculated at a multiplication of infection (MOI)
of 5.0 in CEF cells (A) and at an MOI of 1.0 in Vero cells (B). Infected cells
were harvested at indicated time points, and infectious virus titers were
determined by plaque assay. Each value is represented as mean of the three
independent experiments and the error bar represents the standard
deviation.
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(Fig. 2A). In the control GLSTC-infected group, approx-
imately 5% cells were IF positive (Fig. 2B). To determine if
the GLSBD virus can be further propagated in CEF cells,
supernatants derived from cell lysates after transfections
were used to infect fresh monolayers. Twenty-four hours
postinfection, the cells were fixed and analyzed by IF
staining. None of the cells were IF positive, suggesting that
the block of the virus is at the entry step.
Generation of reassortant viruses
To study the role of the VP1 protein in virulence, we
utilized the full-length cDNA clones of segment A from
GLSTC and segment B clones of GLSBD and D78 strains
(Fig. 1). Transfection of CEF cells with combined plus-
sense transcripts derived from segment A of GLSTC and
segment B of either D78 or GLSBD gave rise to reassortant
rGLSA and rGLSBDB viruses, respectively. To verify
sequence authenticity, genomic RNA was isolated from
these reassortants and analyzed by RT-PCR using a set of
primer pairs specific for segments A or B (Brandt et al.,
2001). Sequence analysis of the DNA of RT-PCR products
revealed no unwanted nucleotide changes resulting in amino
acid substitutions and confirmed the recombinant nature of
reassortant viruses.
Replication kinetics of GLS-IBDVs in vitro and in vivo
To investigate if VP1 is involved in the efficiency of viral
replication in vitro, CEF and Vero cells were infected with
each virus and the virus titers were analyzed by plaque
assay. Fig. 3A depicts the growth curve of each virus
(expressed as log10 PFU/ml) in CEF cells at different time
intervals postinfection (multiplicity of infection, [MOI] =
5.0). The results indicate that the rGLSBDB virus grows
slower than parental GLS strains and had a titer approx-
imately one and a half log lower than GLSTC, D78, and
rGLSA viruses at 24 h postinfection. Although rGLSBDB
was able to grow in Vero cells (MOI = 1.0), it exhibited
delayed replication kinetics and had a titer one log lower
than other three viruses at 48 h postinfection (Fig. 3B).
These results demonstrate that GLSBD-VP1 has a negative
effect on viral replication in cell culture.
To assess the viral propagation kinetics of reassortant
viruses in BF, groups of 3-week-old specific-pathogen-free
(SPF) chickens were mock inoculated or inoculated with
3  106 PFU of either GLSTC, D78, rGLSA, or rGLSBDB
viruses, respectively, by ocular route. To assure that the
chickens received an equal dose of the virus, the titer of each
virus stock was measured again after chicken inoculation.
Since GLSBD cannot be propagated in cell culture, the titer of
GLSBD was measured by EID50 in chicken embryos and an
equivalent dose virus was given to chickens. At the indicated
days post-inoculation, the bursa of each chicken was excised
and analyzed for the presence of viral antigen by immuno-histochemical (IHC) staining. Fig. 4 and Table 1 summarize
the results of IHC staining and quantification of IHC-positive
follicles in the BF obtained from individual chickens. The
results clearly show that the GLSBD virus propagates
efficiently in BF. One day post-inoculation, only 3% of
bursal follicles were IHC positive and at day 2, the GLSBD
virus spreads throughout every bursal follicle, which under-
goes rapid atrophy at 3 days postinfection. Even chickens
inoculated with a lower dose (three times) of GLSBD virus
produced similar results (data not shown). In contrast,
rGLSA, GLSTC, and D78 viruses propagate much slower
than the GLSBD virus in vivo and have approximately
7–10% IHC-positive bursal follicles at 3 days postinfection.
Surprisingly, about 60% the bursal follicles were IHC
positive in BF of chickens inoculated with rGLSBDB virus,
which is 6- to 8-fold more than that produced by GLSTC,
D78, and rGLSA viruses. To further confirm this result, the
titers of rGLSA, GLSTC, GLSBDB, and rGLSBDB viruses
(recovered from the BF) were determined. The results show
that the GLSBD virus grows to the highest titer (expressed as
log10 PFU/g of bursa), followed by rGLSBDB virus, which is
almost two logs higher than GLSTC and rGLSA viruses at 3
days postinfection (Fig. 5). Taken together, our results
suggest that GLSBD-VP1 has a positive effect on viral
Fig. 4. Detection of viral antigen in bursa of Fabricius (BF) by immunohistochemistry staining (IHC). Bursae from groups of chickens infected with eithe
GLSTC (A, D, and G), rGLSBDB (B, E, and H), or GLSBD (C, F, and I) were harvested, sectioned, and assayed for IHC staining at either 1 day (A–C), 2 days
(D–F), or 3 days (G–I) postinfection. The viral antigens were visualized by black color in the bursal follicles, and each experiment was repeated twice
(magnifications are 100).
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and VP2) bring about reduction in viral replication in BF.
Histopathological examination of the viral-infected bursa
To assess the virulence, chickens were inoculated with
3  106 PFU of either GLSTC, D78, rGLSA, or rGLSBDB
viruses. The bursa of each chicken was excised and
analyzed for pathological lesions. Fig. 6 and Table 2
summarize the results of histopathological examination ofTable 1
Quantification of IHC-positive follicles in BF from chickens infected with
various IBDVs at different time points
Groups Percentage of bursal follicles positive by IHC staininga
1 day PI 2 days PI 3 days PI
1b 2 3 1 2 3 1 2 3
Control 0 0 0 0 0 0 0 0 0
GLSBD 3 0 4 100 100 100 100 100 100
GLSTC 0 0 1 1 3 1 20 9 2
D78 1 0 0 3 2 0 15 5 2
rGLSA 0 0 1 1 1 2 16 4 1
rGLSBDB 1 2 0 7 5 2 65 76 37
a The percentage is calculated by counting 500 bursal follicles in 10
different fields. Each field was chosen randomly and the results are the
average of two independent experiments.
b The number represents individual chicken in these experiments.
Fig. 5. The bar graph growth curves of GLS-IBDVs in BF. Bursae from
infected chickens with different viruses were harvested, homogenized, and
analyzed for infectious virus titers by plaque assays. Each value is the
average of three independent experiments and is represented by plaque
forming unit/g of bursa (PFU/g).rbursa obtained from different groups of chickens at different
time points. The results show that the GLSBD virus
destroyed almost all the bursal follicles at 2 days post-
infection and the bursal follicles lost most of the structure.
In contrast, cell culture-adapted viruses GLSTC, D78, and
rGLSA exhibited mild bursal lesions at 3 days postinfection.
On the other hand, GLSBD and rGLSBDB viruses
produced severe bursal lesions, as shown in Figs. 6H and
6I. At 2 days postinfection, the rGLSBDB virus produced
Fig. 6. Histopathologic appearance of sections (hematoxylin and eosin) of BF derived from groups of chickens infected with GLSTC (A, D, and G), rGLSBDB
(B, E, and H) or GLSBD (C, F, and I) at 1 day (A–C), 2 days (D–F), and 3 days (G–I) postinfection. The normal bursal follicles can be recognized by the
portions of cortical lymphocytes (dark brown cells adjacent to connective tissue that separate follicles) and medullary lymphocytes (light brown cells in follicles
centers) in the follicles (shown by a solid arrow). In the damaged bursal follicles (shown as the arrowhead), there are lymphocytic necrosis and heterophilic
inflammation. Notice the loss of distinction between cortex and the medulla, and the bands of interfollicular connective tissue that are infiltrated by myriad
heterophils and macrophages (magnifications are 100).
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viruses (Fig. 6E). These results clearly demonstrate that VP1
is involved in the efficiency of viral replication, which
dictates the bursal damage, and hence the virulence.Table 2
Gross and microscopic lesions in the BF from chickens infected with various IBD
Groups Pathologya
Grossb Microscopicc
1e 2 3 1 2
Control    1 1
GLSBD ++++ ++++ ++++ 5 5
GLSTC + + + 2 2
D78 + + + 2 2
rGLSA + + + 2 2
rGLSBDB ++ ++ ++ 5 5
a The result is representative of two independent experiments.
b +, gross bursal lesion; , no gross lesion.
c The number represents the lesion score described in Materials and methods.
d The numbers represent the percentage of damaged bursal follicles by counting
e Three individual chickens inoculated with each virus.Confirmation of genetic stability of GLS-IBDVs
To determine the genetic stability of recombinant GLS
virus in vivo, bursae from each group were collected at 3Vs at 3 days postinfection
Percentage of bursal follicle with microscopic lesions (%)d
3 1 2 3
1 0 0 0
5 100 100 100
2 4 5 18
2 3 5 13
2 3 4 24
3 83 90 39
300 bursal follicles randomly in five different fields.
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bursal tissue, and the genomic segments A and B were
amplified by RT-PCR using a primer pair specific for
segments A or B. Sequence analysis of the cloned PCR
products confirmed the expected nucleotide substitutions or
changes in either segment A or B of different viruses.
GLSTC and rGLSA viruses were genetically stable after 10
passages in cell culture. Similarly, we were able to
propagate the rGLSBDB virus in Vero cells and it was also
stable after five passages in cell culture.Discussion
VP1 protein is involved in determination of viral replication
efficiency in vitro and in vivo
In a previous study, Boot et al. (2000) generated a
reassortant virus containing segment B from very virulent
strain and segment A from attenuated strain, and reported
that the reassortant virus replicates poorly in cell culture,
and it did not induce morbidity or mortality. In our study, we
generated a reassortant virus rGLSBDB containing segment
B from GLSBD and segment A from GLSTC, which also
replicates slowly in CEF cells. However, when we studied
the replication kinetics of these viruses in vivo, we found
that the rGLSBDB virus replicates more efficiently in the
bursa than the cell culture-adapted virus GLSTC without
causing bursal atrophy, as induced by the GLSBD virus at 3
days post-inoculation. Although we wished to compare the
replication behavior of the reciprocal reassortant virus
containing segment B from GLSTC and segment A from
GLSBD in chickens, we were not successful in recovering
this virus in eggs even though the transcripts derived from
these cDNA clones were functional, as evidenced by a green
fluorescence signal after transfection in CEF cells (data not
shown). Moreover, the GLSBD virus grows poorly in eggs.
Nevertheless, based on the viruses used in this study, our
results clearly demonstrate that VP1 affects viral replication
kinetics and modulates the virulence in vivo. Similar
findings have also been reported for other viruses. For
example, Takeda et al. (1998) reported that changes in the
polymerase and accessory proteins (not the envelope
proteins) were responsible for the growth difference
between a B95a-grown measles virus (MV) strain and its
Vero-adapted strain. Johnston et al. (1999) generated a
recombinant Edmonston MV expressing envelope proteins
of wild-type strain (WTF) and showed that the recombinant
virus expressing the WTF spread in Vero cells, whereas the
parental WTF virus did not. Interestingly, in hepatitis C
virus study, a single amino acid substitution in NS5B, RNA-
dependent RNA polymerase (RdRp), increases the effi-
ciency of colony formation by almost 1000-fold in cell
culture (Cheney et al., 2002). In our case, only two amino
acid substitutions in GLSTC virus is responsible for the in
vivo attenuation through adaptation to growth in Vero cells.This finding is somewhat analogous to the case of MV,
where only five amino acids changes in the polymerase or
accessory V or C proteins were responsible for the in vitro
and in vivo attenuation (Takeda et al., 1998). In a previous
study, we have shown that the reassortant IMB virus
(containing segment B of the virulent strain IM and segment
A from vaccine strain D78) cannot be recovered in Vero
cells, but after recovery in CEF cells, the virus was able to
replicate in cell culture after reverting the two amino acids
in the polymerase protein to D78 strain (Brandt et al., 2001).
Fortunately, no other mutations were detected in the
recovered rGLSBDB virus after recovery and propagation
in cell culture. To our knowledge, this is the first study that
demonstrates that the bursal-derived VP1 protein affects
viral replication kinetics both in vitro and vivo and
modulates the virulence of IBDV.
VP2 protein contains the molecular determinants of
virulence and cell tropism
Using reverse genetics approach, several laboratories
have identified specific residues involved in tissue culture
adaptation, virulence, and cell tropism (Boot et al., 2000;
Brandt et al., 2001; Mundt, 1999; van Loon et al., 2002).
For example, Brandt et al. (2001) reported that residues at
positions 253, 279, and 284 of VP2 are involved in the
virulence and cell tropism of virulent IBDV. Similarly, Boot
et al. (2000) rescued a very virulent virus (which normally
replicates in B-lymphoid cells) after transfection of cDNAs
in QM5 cells and inferred that the domain responsible for
interacting with the IBDV receptor is located in the
hypervariable region of VP2. By carrying out site-directed
mutagenesis of residues 253 and 284 in VP2, it was shown
that the variant E/Del IBDV and the very virulent UK661
IBDV could be adapted to tissue culture and the mutant
UK661 virus is attenuated in chickens (Mundt, 1999; van
Loon et al., 2002). Here, our results clearly demonstrate that
the substitution of only two residues at positions 253 and
284 occurs in VP2 of GLS-IBDV after cell culture
adaptation, which is in agreement with the previous two
reports.
Viral entry determines cell tropism, which affects virus
pathogenicity
It has been suggested that cell tropism of IBDV is
determined by receptor-mediated entry step (Boot et al.,
2000; Brandt et al., 2001). Brandt et al. modified their
reverse genetic system by transfecting in vitro-transcribed
mRNA derived from cDNA into cell culture followed by
passage in the chorioallantoic membrane. Using this
technique, a chimeric virulent IBDV rIMVP2 was generated
that would not propagate in tissue culture. Boot’s group also
showed that very virulent IBDV is able to replicate after
introducing cDNA into QM5 cells. In this study, our results
provided further evidence that replication can be initiated
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fection of whole GLSBD virus particles into CEF cells by
using Lipofectin to bypass cytoplasm membrane. Thus, it is
inferred that the amino acid in positions 253 and 284 of VP2
determines viral entry, which may be receptor mediated.
In this study, we have compared the replication kinetics
of wild-type GLSBD and its cell culture-adapted virus
GLSTC in vivo at 1, 2, and 3 days post-inoculation (Fig. 5).
Our results show that the GLSTC virus can replicate in BF
at a reduced rate, possibly due to inefficient binding to
lymphoid cells as a result of two amino acid substitutions in
VP2. Thus, virus entry kinetics is decreased greatly so that
virus propagation is slowed down accordingly, as seen in
other viruses. For enveloped virus, mutations acquired
during cell culture adaptation can bring about altered
affinity of viral surface protein to cell receptor, which is
favorable for growth in cell culture but results in reduced
virulence in animals (Mandl et al., 2001). For some viruses,
cell tropism is determined mainly by entry kinetics into
cells. For example, Edmonston strain of measles virus
(MV), an enveloped virus that utilizes the human CD46 as
the cellular receptor, produced cytopathic effects (CPE) in
all primate cell lines (Tatsuo et al., 2000). In contrast, the
wild-type MV strain, isolated in a marmoset B-cell line
B95a, only replicated and produced CPE in primate
lymphoid cell lines. However, the cell culture-adapted
strains lose their pathogenicity for monkeys. By use of
pseudotype vesicular stomatitis virus bearing MV envelope
proteins, the mechanism underlying this difference in cell
tropism was shown to be due to the efficiency of virus entry
(Takeda et al., 1998). For enveloped flavivirus, the
substitutions at the putative receptor-binding site of ence-
phalitis flavivirus change viral entry kinetics into cells,
resulting in the loss of virulence in mice (Lee and Lobigs,
2000). Therefore, further studies are needed to determine the
cellular receptor for IBDV.Materials and methods
Cells and viruses
Vero cells were maintained in M199 medium supple-
mented with 5% fetal bovine serum (FBS) at 37 8C in a
humidified 5% CO2 incubator and used for propagation of
the virus. Primary chicken embryo fibroblast (CEF) cells
were prepared from 10-day-old embryonated eggs (SPAFAS,
Inc., Storrs, CT), as described previously (Mundt and
Vakharia, 1996). Secondary CEF cells were maintained in a
growth medium consisting of M199 and F10 (50%/50% v/v)
and 5% FBS, and used for transfection, virus titration,
immunofluorescence, and plaque assay. Cell culture-adapted
GLS virus, GLSTC, vaccine strain D78, and the transcript-
derived recombinant IBDVs were plaque purified, propa-
gated, and titrated in secondary CEF cells, as described
previously (Mundt and Vakharia, 1996). Virus stocks wereestablished by serial passage of the recombinant viruses in
Vero cells at a multiplicity of infection (MOI) of 0.01. The
wild-type GLS strain of IBDV (GLSBD) was obtained from
bursae of infected specific-pathogen-free (SPF) chickens and
was purified by repeated limited-dilution passages in
embryonated eggs (five times) followed by two passages in
SPF chickens.
Construction of full-length cDNA clones
Genomic dsRNAs from GLSBD-infected bursal homo-
genates or GLSTC-infected Vero cells were isolated by
digestion with proteinase K (200 Ag/ml) for 4 h at 37 8C in a
buffer containing 100 mM Tris–HCl pH 7.5, 12 mM EDTA,
150 mM NaCl, and 1% SDS. The samples were extracted
twice with phenol/chloroform/isopropanol/mixture (25: 24:
1). The aqueous phase was ethanol-precipitated, dried,
resuspended in a small volume (usually 50 Al) of diethyl
pyrocarbonate-treated water (DEPC-H2O), and used for
reverse transcription (RT)-PCR analysis. Sets of primers,
A5V-D78 plus NdeBV, NheF plus IBDVP2R, IBDVP2F plus
IM3R, IMA2100 plus IMA3200R, B5V-D78 plus B5-IPD78,
and B3V-D78 plus B3-IPD78, whose sequences have been
described in previous study (Brandt et al., 2001), were used
for RT-PCR amplification according to the supplier’s
protocol (Perkin-Elmer). The resulting fragments were
separated by agarose gel electrophoresis, purified by
QIAquick gel extraction kit (QIAGEN Inc., Santa Clarita,
CA), and their DNAs were directly sequenced by dideoxy
chain termination method (Sanger et al., 1977). All other
manipulations of DNAs were performed according to
standard protocols (Sambrook et al., 1989). Construction
of a full-length cDNA clone of IBDV genome segment A
of strain D78 with the VP2 region from strain GLS
pUC19GLSVP2 has been described previously (Brandt et
al., 2001).
The cloning of genomic segment A of GLSTC and the
construction of plasmid pGLS-5 have been described
previously (Vakharia et al., 1993). The full-length clone of
GLSTC segment Awas constructed as follows. First, the 3V-
end of IBDV segment A was amplified by RT-PCR using
the oligonucleotide primers A3V-D78 and 3VIF (Mundt and
Vakharia, 1996). The amplified fragment was cloned into
pCR2.1 to obtain plasmid pCR2.1GLSTC3V. Second,
plasmids pCR2.1GLSTC3Vand pUC19GLSVP2 were dou-
ble digested with BglII and BsrGI to release a 200-bp
fragment. The plasmids pGLS5 and pUC19GLSVP2 were
digested with SacII and BglII to release a 1.2-kb fragment.
Then, the BglII–BsrGI and SacII–BglII fragments in
plasmid pUC19GLSVP2 were substituted with respective
BglII–BsrGI fragment derived from pCR2.1GLSTC3V and
SacII–BglII fragment derived from pGLS5 to produce
pUC19GLSTC (Fig. 1). To obtain the full-length cDNA
clone of GLSBD, the VP2 region of GLSBD segment Awas
amplified by RT-PCR using primers NheF and IBDVP2R,
and GLSBD genomic RNA as template. This RT-PCR
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BstEII and SpeI. The plasmid pUC19GLSBD was prepared
by replacing BstEII–SpeI fragment with the corresponding
fragment from RT-PCR product.
To construct a cDNA clone of GLSBD segment B, two
primer pairs (B5V-D78, B5-IPD78 and B3V-D78, B3-IPD78)
were used for RT-PCR amplification. Sequences of the
primers were identical to the one used for the construction
of segment B cDNA clone of D78 strain (Yao et al., 1998).
Using GLSBD genomic dsRNA as a template, cDNA
fragments were synthesized and amplified using same
protocol mentioned above. Amplified fragments were cloned
between the EcoRI sites of a pCR2.1 vector to obtain
plasmids pCR2.1GLSBDB5V and pCR2.1GLSBDB3V. To
construct a full-length clone of segment B, the 5V-end
fragment of IBDV (from pCR2.1GLSBDB5V) was first
subcloned between EcoRI and PstI sites of pUC19 vector
to obtain pUC19GLSBDB5V. Then, the 3V-end fragment of
IBDV (from the plasmid pCR2.1GLSBDB3) was inserted
between the BglII and PstI sites of plasmid pUC19
GLSBDB5Vto obtain a full-length plasmid pUC19GLSBDB
(Fig. 1).
At least three independent cDNA clones of the above-
mentioned constructs were sequenced by the dideoxy chain
termination method (Sanger et al., 1977), using an
automated DNA sequencer (Applied Biosystems), and the
sequence data were analyzed using PC/Gene (Intellige-
netics) software. The integrity of the full-length constructs
was tested by an in vitro transcription–translation-coupled
reticulocyte lysate system using T7 RNA polymerase
(Promega Corp.). The resulting labeled products were
separated on a sodium dodecyl sulfate-12.5% polyacryla-
mide gel (SDS-PAGE) and visualized by autoradiography
(data not shown). Full-length cDNA clones of segments A
and B were selected for the recovery of infectious virus.
Transcription and transfection of synthetic RNAs
To generate synthetic transcripts of segments A and B,
plasmids of segments A and B were linearized with BsrGI
and PstI enzymes, respectively, and treated as described
previously (Mundt and Vakharia, 1996). The linearized
DNA was used to produce in vitro transcripts with the T7
mMessage mMachine kit (Ambion), according to manufac-
turer’s instructions. Briefly, approximately 3 Ag of line-
arized DNA template was added to the transcription reaction
mixture (20 Al) containing 40 mM Tris–HCl (pH 7.9), 10
mM NaCl, 6 mM MgCl2, 2 mM spermidine, 0.5 mM ATP,
CTP, and UTP each, 0.1 mM GTP, 0.25 mM cap analog
[m7G (5V) ppp (5V) G], 120 units of RNasin, 150 units T7
RNA polymerase, and incubated at 37 8C for 1 h. Equimolar
amounts of RNA transcripts of segments A and B (c8 Ag
each) were directly used to transfect CEF cells.
Secondary CEF cells (1  106), grown to 80%
confluency in a 6-well plate, were washed once with
phosphate-buffered saline (PBS). One and a half millilitersof OPTI-MEM I (GIBCO/BRL) was added to the mono-
layers in 1 well, and the cells were incubated at 37 8C for 1
h in a CO2 incubator. Simultaneously, 0.15 ml of OPTI-
MEM was incubated with 12.5 Ag of Lipofectin reagent
(GIBCO/BRL) for 45 min in a polystyrene tube at room
temperature. Synthetic RNA transcripts of both segments
resuspended in 0.15 ml of DEPC-treated water were added
to the OPTI-MEM/Lipofectin mixture, mixed gently, and
incubated on ice for 5 min. After removing the OPTI-MEM
from the monolayers in the 6-well plate and replacing it with
a fresh 1.5 ml of OPTI-MEM, the nucleic acid-containing
mixture was added drop-wise to the CEF cells and swirled
gently. After 3 h of incubation at 37 8C, the mixture was
replaced with the growth medium (M199 and F10 (50%/
50% v/v) and 5% FBS), and the cells were further incubated
at 37 8C and examined daily for cytopathic effect (CPE).
Characterization of reassortant GLS-IBDVs
To determine the specificity of the recovered viruses,
CEF cells were infected with the transfectant viruses and the
infected cells were analyzed by IFA with rabbit anti-IBDV
polyclonal serum, as described before (Yao et al., 1998). To
examine viral structural proteins expressed by recovered
reassortant viruses, the viruses were purified by sucrose
gradient centrifugation and analyzed by Western blotting.
To further characterize the reassortant virus, RT-PCR was
performed on the chimeric virus with the appropriate primer
pair, used to produce the original clone. The resulting PCR
product was directly sequenced, as described earlier, using
one of the primers of the primer pair.
Growth curve of IBDV
To analyze the growth characteristic of IBDV, secondary
CEF cells or Vero cells in a 6-well plate (1  106) were
infected with parental viruses GLSTC, D78, or recovered
viruses rGLSA or rGLSBDB at an MOI = 5.0 in CEF and 1.0
in Vero cells, respectively. At indicated time intervals
postinfection, one 6-well plate was removed and freeze–
thawed three times. After centrifugation for 10 min at 3000
g, the supernatant was titrated for total infectious virus by
plaque assay. Briefly, the supernatant was diluted in 10-fold
increments (101 to 106) in 1  M199 without serum.
Confluent monolayers of secondary CEF cells in a 6-well
plate were infected with serial dilutions of viruses (104 to
106 of viruses, 0.1 ml/dish, 2 wells for each dilution). After
1-h absorption at 37 8C, the cells were washed once with
M199 medium without serum and overlaid with 3 ml of 0.9%
SeaPlaque Agarose (Difco) in MEM medium containing 5%
FCS and 1% l-glutamine. After 3 days of incubation at 37 8C,
the overlays were removed and the cells were fixed and
stained with a solution containing 25% formalin, 10%
ethanol, 5% acetic acid, and 1% crystal violet for 5 min at
room temperature. After rinsing the cells with distilled water,
the plaques were counted.
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culture, egg infectious dose (EID50) was used to determine
the virus titer. For cell culture-adapted viruses, the titer was
determined by both plaque assay and EID50. For EID50
determination, serial dilutions of the virus were made and
then inoculated into CAM, as described (Brandt et al.,
2001). For each dilution, the number of embryos dead or
showing lesions was determined. The Reeds–Muench
formula was used to calculate the EID50 of GLSBD virus.
Immunoblot analysis
To assure that the chickens receive equal doses of both
GLSBD and cell culture-adapted viruses, a Western blot
analysis was carried out as well, which roughly gave the
relationship between PFU for cell culture-adapted viruses
and EID50 for GLSBD (data not shown). Polyacrylamide gel
electrophoresis and immunoblotting were performed by
standard methods (Sambrook et al., 1989). Aliquots (15 Al)
of the virus stocks were analyzed on 12.5% SDS-PAGE.
Briefly, the viral proteins fractionated on the gel were
electrophoretically transferred to a nitrocellulose filter by
using a transfer apparatus set at 50 mA. The filter was then
blocked in blocking buffer (5% nonfat dry milk in PBS) for
90 min at room temperature before primary antibody
exposure. The primary antibody was rabbit anti-IBDV,
diluted 1:200 in blocking solution, and alkaline peroxidase-
conjugated goat anti-rabbit IgG was used as secondary
antibody (Amersham Pharmacia Biotech Inc., NJ, USA).
Blots were developed by enhanced chemiluminescence
method according to the manufacturer’s protocol (ECL
Western detection kit; Amersham Pharmacia Biotech Inc.).
After color development for 1 min, the membranes were
placed on autoradiography cassette (Fisher Scientific,
Pittsburgh, PA), covered with Saran Wrap, and exposed to
film overnight. The protein levels were quantified by
measuring the density of the VP3 protein band on the film
using NIH image software.
Chicken inoculation
Three-week-old SPF chickens were obtained (SPAFAS,
Inc.) and housed in isolators. Prior to inoculation, the
chickens were bled and their sera tested by ELISA to ensure
that they were negative for IBDV-specific antibodies. Seven
groups of chickens (nine per group) were inoculated by
ocular route with culture medium, wild-type GLSBD,
GLSTC, D78, recombinant rGLSA, or rGLSBDB viruses,
respectively. Two groups of chickens were assigned for
GLSBD viruses. In one group, chickens were inoculated
with a dose of 1000 EID50 GLSBD virus and in another
group with a dose of 500 EID50 GLSBD virus. In all viruses
that were able to replicate in cell culture, a dose 3  106
PFU was administered to each group of chicken. At 1, 2,
and 3 days postinfection, three chickens from each group
were humanely killed and the bursas were excised andbisected. One hemisection was used for RT-PCR assay and
plaque assay, while the other was fixed and sectioned for
histopathological examination and immunohistochemistry
staining.
Identification of recovered viruses by RT-PCR
In order to determine whether the nucleotide sequence in
the recovered viruses is of chimeric origin, total nucleic
acids from IBDV-infected CEF cells, CAMs, or bursal
homogenates were isolated and analyzed by RT-PCR, as
described above. Segment-specific primers were used for
RT of genomic RNA. Following RT, the reaction products
were amplified by PCR with the desired segment-specific
primer and the amplified products were either directly
sequenced or cloned into pCR2.1 vector and then sequenced
as described earlier. On a whole, the nucleotide sequence in
chimeric viruses was determined twice, once after recovery
in vitro and the other after in vivo studies from bursal
homogenates.
Histopathology and immunohistochemistry
The bursa tissues were fixed by immersion in 10% neutral-
buffered formalin. The ratio of fixative to bursa exceeded
10:1. Seven days later, a cross-sectional portion of each bursa
was processed through paraffin, stained with hematoxylin
and eosin, and examined with a light microscope for
histopathology examination. The severity of the lesion was
graded on a scale of 1–5 based on the extent of the
lymphocyte necrosis, follicular depletion, and atrophy, which
is described previously (Bayyari et al., 1996): 1, normal
bursa; 2, scattered or partial follicle damage; 3, 50% or less
follicle damage; 4, 50–75% follicle damage; 5, 75–100%
follicle damage. A paraffin-embedded sectional portion of
each bursa was also used for immunohistochemistry staining
as described (Tanimura et al., 1995). IBDV antigen was
detected by the avidin–biotin–peroxidase complex (ABC)
method using a Vectastain Elite ABC kit (Vector Laborato-
ries, Inc., Burlingame, CA). Briefly, the sections were
deparaffinized and hydrated. The endogenous peroxidase in
sections was eliminated by 0.001% H2O2. Nonspecific
reactions were blocked by 0.2% normal goat serum. A
1:200 dilution of rabbit anti-IBDV polyclonal serum was
used as primary antibody, whereas a 1:200 dilution of goat
anti-rabbit biotinylated antibody was used as secondary
antibody. 3,3V-Diaminobenzidine (DAB) substrate was used
to detect the viral antigen in tissue sections, which yielded
gray-black stain (Vector Laboratories, Inc.).
Accession numbers
The nucleotide sequences of segments A and B of
GLSBD virus have been deposited to the GenBank database
and have been assigned accession numbers AY368653 and
AY368654, respectively.
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